MicroRNAs (miRNAs) are present in both plant and animal kingdoms and represents a growing family of non-coding RNAs. These tiny RNAs act as small guides and direct negative regulations usually in the process of development through sequence complementarity to target mRNAs. Although a large number of miRNAs have been identi®ed from various animals, so far plant miRNA studies have focused mainly on Arabidopsis. Here we describe the identi®cation of 20 miRNAs from a rice cDNA library. All the miRNAs were presumably processed from precursors with stem±loop structures and were positively detected in rice cells from at least one tissue, some of which showed tissue-speci®c expression. Twenty-three unique rice genes were identi®ed to be feasible targets for seven rice miRNAs, including four members of Scarecrow-like transcription factor, the targets of miR-39 that had been characterized in Arabidopsis. Lacking long complementarity, the regulatory targets of 13 miRNAs remain to be further investigated. A possible mechanism of translational repressor for plant miRNAs that lack perfect complementarity to target mRNAs is discussed.
INTRODUCTION
MicroRNAs (miRNAs) ranging in size from 20 to 25 nt represent a new family of non-coding RNAs that function in post-transcriptional regulation of gene expression (1±3). These tiny RNAs act as small guides and direct negative regulations through sequence complementarity to the 3¢-untranslated regions (UTRs) or coding sequences of target mRNAs (4±6). The ®rst characterized endogenous miRNAs were lin-4 and let-7, both of which were shown in the pathway controlling the timing of larval development in the nematode Caenorhabditis elegans (7, 8) . Since then, more than 300 miRNAs have been identi®ed from different organisms including both animals and plants (9±14). In general, miRNAs are processed from longer precursors that form stem±loop hairpin structures by the RNase III-like enzyme, Dicer in animals (15) or Dicerlike1 (DCL1) in plants (16) , and are then incorporated into a ribonucleoprotein complex (miRNP), probably identical to the RNA-induced silencing complex (RISC) which is involved in RNA interference (RNAi) (17) . One of the intriguing aspects of the miRNAs is their similarity to small interfering RNAs (siRNAs) which direct mRNA cleavage during RNAi and related processes (18) . siRNAs are similar in length to miRNAs but generally differ from miRNAs in their origin. They are derived from long, double-stranded RNAs that are transcribed endogenously or introduced into cells by viral infection or transfection. It has been shown that if an miRNA encounters a target with perfect sequence complementarity, it can enter the RNAi pathway and trigger target cleavage (19, 20) . Some miRNAs naturally contain sequence complementarity to mRNA and seem to function as endogenous siRNA by directing cleavage of their mRNA targets (21) . Now miRNA genes are recognized as a pervasive and widespread feature of animal and plant genomes. The total number of miRNAs in each organism is unknown, but is estimated to represent~1% of all genes (22, 23) , implying that a myriad of miRNAs and their roles in cellular processes, such as development and size control of organisms, remain to be discovered.
A large number of miRNAs have been characterized from different animals such as the worm Caenorhabditis elegans, the¯y Drosophila as well as mammals including both the human and the mouse. However, plant miRNA studies have focused mainly on Arabidopsis, and only a handful of miRNAs have been identi®ed (14, 24, 25) . Rice is an economically important food crop. Recent progress in the Rice Genome Project has revealed 50 000±60 000 genes in the rice genome (26) , nearly twice the number of genes predicted for Arabidopis thaliana (27) , which made rice a favorite plant for functional genomic research. It is therefore interesting to investigate miRNAs in rice that represents a monocotyledon. In this study, we constructed and screened a rice cDNA library of size-fractionated RNAs. Our results showed a very abundant and diverse population of small RNAs in rice, from which 20 miRNAs were further characterized.
MATERIALS AND METHODS

Nucleic acid isolation
Total cellular RNAs were isolated from different tissues of Oryza sativa L. ssp. indica, A.thaliana and maize by guanidine thiocyanate/phenol±chloroform extraction as described (28) . A fraction enriched with small-sized RNAs was obtained *To whom correspondence should be addressed. Tel: +86 20 84112399; Fax: +1 86 20 84036551; Email: lsbrc04@zsu.edu.cn
The authors wish it to be known that, in their opinion, the ®rst two authors should be regarded as joint First Authors according to a protocol described previously (24) . Brie¯y, 400 ml (1±2 mg) of total cellular RNAs were combined with 50 ml each of 50% PEG8000 and 5 M NaCl, incubated on ice for 2 h, and centrifuged at 15 000 g for 10 min. After adding 1/10 vol of 3 M sodium acetate and 2 vols of 95% ethanol to the supernatant, small-sized RNA was spun down at 15 000 g following incubation at ±20°C for 2 h, washed with 75% ethanol, dried brie¯y, and re-suspended in RNase-free water.
Construction and screen of rice cDNA library from low molecular weight RNAs cDNAs synthesis, cloning and sequencing were carried out as described previously (29) with some modi®cations. Brie¯y, small RNAs with a size from 16 to 28 nt were recovered from denaturing 15% polyacrylamide gel fractionation (8 M urea, 1Q TBE buffer), and then polyadenylated by using poly(A) polymerase (Takara). Synthesis of the ®rst strand of cDNA was performed with 1 mg of poly(A)-tailed RNA in a 20 ml reaction mix containing 0.1 mg of primer HindIII (dT)16 5¢-CCCCAAAGCT 16 -3¢ and 200 U of MMLV reverse transcriptase (Promega) for 45 min at 42°C. The cDNAs were poly(G) tailed at the 3¢ end by using terminal deoxynucleotidyl transferase (Takara), and then ampli®ed by PCR with primers HindIII (dT) 16 and BamHI (dC)16, 5¢-GGAATTCGGATC 16 -3¢ and cloned into plasmid pTZ18 as described previously (30) . The recombinant plasmidcarrying fragments were sequenced with the BigDye terminator cycle sequencing kit (PE Applied Biosystems) and were analyzed on an ABI377 DNA sequencer.
Northern blot analysis
A 30 mg aliquot of small-sized RNAs from different tissue of rice and other plants was separated on a denaturing 15% polyacryamide±8 mol/l urea gel at 300 V for 3 h, then were electrophoretically transferred to Zeta-probe GT membranes (Bio-Rad) by using a Trans-Blot Electrophoretic Transfer (Pharmacia LKB). After electroblotting, the RNAs were ®xed to the membrane by UV cross-linking (1200 mJ, Stratalinker; Stratagene) and by baking in a vacuum oven at 80°C for 1 h. DNA oligonucleotides complementary to miRNA sequences were synthesized (Sangon, Shanghai). The 5¢ ends of the DNA probes were labeled with [g-32 P]ATP (Yahui Co.) using T 4 polynucleotide kinase (Promega) and submitted to puri®cation according to standard laboratory protocols as described previously (31) . The membrane was pre-hybridized in 7% SDS, 0.3 M NaCl, and 50 mM phosphate buffer (pH 7.2) at 42°C for at least 1 h. Membranes were hybridized with 32 Pend-labeled oligonucleotide probes at a temperature of 10± 15°C below the calculated dissociation temperature (Td) for 16 h. The blots were washed twice with 2Q SSPE/0.5% SDS and once with 0.5Q SSPE/0.1% SDS at 40°C. The northern blots were quanti®ed by using a phosphorimager apparatus (Typhon 8600, Amersham Bioscience).
Computational analyses
RNA sequences were subjected to BLAST analyses against the rice genome (http://www.ncbi.nlm.nih.gov/blast, http://btn.genomics.org.cn/rice). Secondary structures of RNA precursor were predicted by using longer genomic sequences of cloned RNAs and the m-fold program [(32) http://www.bioinfo.
rpi.edu/applications/mfold/old/rna/form1.cgi]. Potential targets for rice miRNAs are identi®ed by BLAST analyses according to the search algorithm in which only three or fewer mismatches are allowed to be present in the complementarity between miRNAs and their targets, and gaps are not allowed (21) .
RESULTS
Identi®cation of 20 miRNAs from a rice cDNA library
A cDNA library was generated from size-fractional RNAs between~16 and 28 nt. A total of 236 insert-containing clones randomly selected from the library were analyzed, and 203 unique sequences were obtained. Although the sequences ranged in length from 15 to 30 nt, they had a much tighter length distribution, centering on 20±25 nt ( Fig. 1) , which was coincident with the known speci®city of Dicer processing. This pro®le was very similar to that of miRNA populations isolated from A.thaliana and C.elegans, and siRNA generated in a green¯uorescent protein (GFP) and double-stranded GFP silencing system (12, 25) . Obviously, most of the cloned sequences had a composition preference that began with a uridine at the 5¢ terminus, as had been observed in miRNAs from different organisms (10, 11, 14) .
The 203 cloned RNA sequences were subjected to BLAST analysis against the rice genome. Only two sequences originated from fragments of tRNA or rRNA. A total of 122 sequences had at least one nucleotide mismatch with the rice genome and they were not further analyzed. The remaining 79 small RNA sequences matched perfectly with the rice genome, and their possible genomic locations were identi®ed. In the analysis of secondary structures, 32 genomic sequences that contain putative miRNAs were capable of forming stem± loop structures characteristic of miRNA precursors. Subsequently, 20 of the 32 putative miRNAs were further con®rmed by northern blot (Fig. 2) . Thus the 20 miRNAs were identi®ed from rice, and their sequences and precursor structures are shown in Table 1 and Figure 3 , respectively.
Positive detection and tissue-speci®c expression of the rice miRNAs
The expression of the rice miRNAs was examined by northern blot with low molecular weight RNAs isolated from different tissues of rice. Northern blot con®rmed that 20 miRNAs were stably expressed in rice cells from at least one tissue (Fig. 2) . The accumulations of some miRNAs appear to be developmental or tissue speci®c. For example, miR-1, miR-6 and miR-10 were somewhat more strongly expressed as seedlings compared with the adult plant, or vice versa. miR-11 and miR-16 accumulate at a higher level in roots and leaves, respectively. A probe to miR-17 detected both miR-17a and miR-17b with a size of 25 and 23 nt, respectively. Interestingly, miR-17a accumulated in different tissues and developmental stages, but miR-17b with 23 nt is only most highly expressed in the rice roots. Other miRNAs were not uniformly expressed through all tissues, and large variations in the expression levels were observed. In some cases, miRNA precursors were detected as described in C.elegans (12) .
Probes complementary to rice miRNAs were used to test total cellular RNAs from other plants in the same assays. The homologs of miR-39, miR-5 and miR-16 were found to be present in A.thaliana, and miR-7, miR-12, miR-14, miR-16, miR-17 and miR-18 were detected in maize (Fig. 2) , suggesting the conservation of these miRNAs in¯owering plants.
Prediction of the rice miRNA targets
To identify potential targets, we searched for rice mRNAs with complementarity to the newly identi®ed miRNAs by an algorithm employed upon the discovery of Arabidopsis miRNA targets, in which most antisense hits with three or fewer mismatches appeared to be potential miRNA targets (21) . Twenty-three unique rice genes were identi®ed to be feasible targets for seven rice miRNAs, because there are high stringent complementarities with three or fewer mismatches between the miRNAs and their targets ( Table 2) .
Among the seven miRNAs, three miRNAs are perfect antisenses matched to the mRNAs of protein-coding genes. miR-39 targets the coding region of mRNAs from four members of Scarecrow-like transcription factor that controls a wide range of developmental processes. This miRNA appears homologous to Arabidopsis miR-39 (or miR-171) that had been predicted to be present in rice by RNA hybridization (14, 19) . In fact, miR-39 varies slightly in sequence (one nucleotide change) between the two plants, but a U/G pair still maintains a perfect duplex of miR-39±target mRNA in rice. Interestingly, two rice miR-39 precursors display secondary structures very similar to that of Arabidopsis despite considerably divergent sequences outside the miRNAs (Fig. 3A) , lending support to the evolutionary conservation of this miRNA in¯owering plants. A novel target predicted for miR-5 is the mRNA of a protein-coding gene whose function remains annotated. Being different from the two precedents, miR-15 has a perfect antisense match to the fourth intron of PDR-like ABC transporter, implying a possible role for miRNA in the stage of RNA splicing. Lacking longer complementarity, the targets of 13 miRNAs remain to be further investigated.
Genomic organization of the miRNAs
Among the 20 miRNAs, 11 were each encoded by a single copy in the rice genome, whereas another 10 miRNAs had multiple loci in the genome (Table 1) , probably because of duplications that were still active in the rice genome (26) . Comparative analyses showed that the multiple genomic sequences containing the miRNAs are often completely or partially conserved in the rice genome. For example, miR-18 corresponds to 12 genomic sequences in long terminus repeat sequences or in the Osr1 retrotransposon. Twenty-eight genomic loci representing 15 rice miRNAs were mapped to intergenic regions. Three copies of miRNAs were found in the sense orientation within introns of coding transcripts. Two copies of miRNAs were located in the exons of potential protein-coding genes. Another 13 copies from nine miRNAs were found in genomic regions that have no annotation in the genome. Therefore, miRNAs are either transcribed from their own promoters or derived from a pre-mRNA that frequently codes for an additional gene product.
DISCUSSION
miRNAs are widespread in eukaryotes and usually isolated from cDNA libraries of size-fractionated RNAs. To identify the miRNAs from rice, we used an improved cDNA cloning procedure derived from experimental RNomics (33), which has been successfully applied to plant snmRNA isolation (29, 34) . Through screening of the cDNA library of rice, numerous small endogenous RNAs were isolated. The pro®le of size distribution of small RNAs is very similar to that of the miRNA population from Arabidopsis and animals (12, 25) , proving the effectiveness in cloning of miRNAs from rice by this method as an alternative to the RNA ligation strategy (35) .
Meanwhile, a non-redundant set of more than 200 sequences from the cDNA library showed the high diversity of small RNAs in rice. In this study, we obtained many small RNAs that had at least one mismatch to the rice genome, indicating the incomplete database of the rice genome, probably in some highly repeated intergenic regions. It is believed that lots of small RNA genes may be hidden in these regions, as has been shown in Arabidopsis and Drosophila (25,36).
Although numerous small RNAs have been isolated from Arabidopsis, and from rice in this study, not all small endogenous RNAs are miRNAs. Conversely, only a small fraction of the plant small RNA population previously described meets the strict de®nition of miRNAs (1) . An important criterion required for novel miRNAs is the secondary structure of precursors, which are stem±loop structures recognized and processed subsequently by the endonuclease Dicer. In animals, the precursors are usuallỹ 60±80 nt, but the sizes of plant precursors appear more variable (14, 24) , which may make plant miRNA identi®cation more complicated than that of an animal. We noted that most of the rice miRNA precursors were 60±200 nt and the miRNAs could be processed from either the 5¢ or 3¢ arm of the foldback precursor. However, each miRNA with multiple matches to the genome is always present on the same arm of its potential precursors, suggesting that these loci share a common origin through local or distant duplications in the rice genome.
miRNAs are usually involved in developmental controls of animals and plants, but the mechanism(s) of miRNAs in regulating gene expressions appears different as if there were two functional classes of miRNA in different organisms (2) . In animals, miRNAs, such as lin-4 and mir-23, partially complementary to the 3¢-UTR or part of the coding region of target mRNAs, act as repressors of translation (37), but do not reduce the abundance of target mRNAs. However, in plants, some miRNAs with full or near complementarity to the coding region of target mRNAs, such as miR-39 (miR-171) (19, 21) and miRNA-JAW (miR-159) (38) , direct the cleavage of target mRNAs at precise positions, showing a degraded mRNA pathway that resembles RNAi guided by siRNAs. Recently, Zeng et al. (20) demonstrated that miRNAs and siRNAs may be functionally interchangeable in human, and the alternative mechanisms may depend largely or entirely on the degree of complementarity between the small guide RNAs and the mRNA target. The principle revealed from animals would be applicable to plants. It is possible that plant miRNAs with partial complementarities to target mRNAs are able to inhibit the mRNA expression by the same mechanism of translational repressor as those of animals. This speculation will be useful to the functional research of plant miRNAs because there are growing numbers of newly identi®ed miRNAs that lack perfect complementarity to target mRNAs, as has been shown previously (24) and in this study. Interestingly, evidence that an miRNA, miR-172, in Arabidopsis downregulates APETALA2-like target genes by a translational mechanism rather than by RNA cleavage supports this hypothesis (39) . Nevertheless, in a manner similar to translational repression, the minimum number of base pairs needed for a functional duplex of miRNA±target mRNA remains to be de®ned. The phenomenon of RNAmediated post-transcriptional gene silencing was ®rst discovered in plants (40, 41) ; how many miRNAs exist and their functions in plants remain to be deciphered. Prediction was performed as described by Rhoades et al. (21) . Rice genes are labeled by their UniGene numbers or accession numbers in GenBank. For each gene, the number of mismatches between the miRNA and the mRNA is tallied in parentheses.
